Relationships between respiration rate and adenylate and carbohydrate pools of the soybean (Glycine max L. Merrill) fruit during rapid seed growth were evaluated. Plants at mid pod-fill were subjected to different concentrations of CO2 to alter the amount of photosynthate produced and, thus, available to the fruit. Respiration rate of the intact fruits was measured, along with glucose, sucrose, and starch concentrations, adenylate energy charge (AEC), and total adenylate pool (ZAdN) in the pod wall, seed coat, and cotyledons. The concentration of sucrose remained relatively constant in the pod wall (1.0 milligram per 100 milligrams dry weight), seed coat (6.5 milligrams per 100 milligrams dry weight), and cotyledons (4.5 milligrams per 100 milligrams dry weight) at moderate and high respiration rates. Furthermore, AEC remained relatively constant in the pod wail (0.55), seed coat (0.24), and cotyledons (0.44) during changes in respiration rate. This suggests that the amount of assimilate transported to the fruit, and its flux through the sucrose pools of the fruit parts, were important in the regulation of the respiration rate of the fruit. The average ZAdN in the seed coat (1300 picomoles per milliram dry weight) was significantly greater than in the cotyledons (750 picomoles per milligram dry weight) and pod wall (300 picomoles per milligram dry weight). In addition, the ZAdN in the seed coat and cotyledons increased with increasing respiration rate of the fruit. The high ZAdN in the seed coat and its increase with increases in respiration rate of the fruit suggest that an energy-requiring process is involved in the movement of sucrose through the seed coat.
Respiration and growth are closely linked processes, related through use ofthe same carbohydrate and adenylate compounds. In soybean (Glycine max L. Merrill), maximum rates of fruit respiration occur during the stage of rapid seed growth (19) . In the pea fruit, increased rates of seed growth are associated with increased CO2 concentrations in the pod cavity (2, 10) . This increase in CO2 is due to increased respiration rates of faster developing seeds. Hence, changes in seed respiration rate can be associated with changes in the rate of seed growth in legumes.
Respiration rates of seeds also have been associated with the concentration of carbohydrate in seeds of Panicum antidotale (1) and Pisum sativum (22) . A positive relationship between respiration rate and carbohydrate concentration in other tissues has also been found (6, 17, 23) . In soybean, the respiration rate of the fruit was positively correlated with carbohydrate concentration in the fruit during pod elongation (7) . However, no significant correlation was found when seed development was the dominant form of reproductive growth. No attempt was made, however, to separate the fruit into its major parts. In soybean, growth of the seed depends primarily on assimilate transported from the leaf canopy (8, 14) . Assimilate transported from the leaves enters the vascular bundles of the pod from which it moves directly into the seed coat (26) . In the seed coat, assimilate is rapidly unloaded into the free space ofthe innermost cell layers, where it diffuses away from the vascular bundles toward the inner epidermis of the seed coat prior to uptake by the cotyledons. The individual carbohydrate pools of the pod wall, seed coat, or cotyledon may play a critical role in seed development, but their effects are masked when measurements of carbohydrate content of the whole fruit are made.
The objective of this study was to determine the relationship between respiration rate of the intact fruit and carbohydrate concentrations in the pod wall, seed coat, and cotyledons during rapid seed growth. Carbohydrate concentrations in the fruit were altered by changing the amount of assimilate transported to the fruit. This was accomplished by varying the photosynthetic rate of the leaf canopy. In an attempt to assess the importance of each fruit part on whole fruit respiration, AEC2, as described by Atkinson (3) (4) (5) , and 2;AdN, were used as indicators of internal change in the metabolic status ofthe various fruit parts. Adenine nucleotides play a key role in energy transduction as coupling agents between energy producing (respiratory) and biosynthetic processes. Furthermore, respiratory control by ADP and subsequent roles ofadenylates as effectors ofmany enzymes have been established (18) . The sucrose remaining in the tissue. The contents were resuspended in 3 ml water. To remove Chl, 0.5 ml chloroform was added and the chloroform-water mixture centrifuged (6000g, 10 min). The upper clear phase was removed and used for carbohydrate analysis. Glucose concentration was determined with a glucose oxidase enzyme system (Statzyme, Worthington Diagnostics). Sucrose concentration was determined from the difference between total glucose upon addition of invertase (Sigma) and free glucose as determined above. Random checks for the recovery of exoggreater than 96% recovery. The residue from the ethanol extraction was dried overnight at 55°C and starch concentration determined as described previously (9) .
Determination of Adenylates. Freeze-dried material (10 mg) was extracted with 5 ml of boiling Tris (20 
RESULTS
The concentration of sucrose in the pod wall, seed coat, and cotyledons was significantly correlated with the respiration rate of the intact fruit (Fig. 1) . However, the significant reduction of the residual sum of squares by the fit of the nonlinear regression model suggests that, at high respiration rates, sucrose concentration remained constant. Only as respiration rates of soybean fruits declined to low values did the concentration of sucrose decrease in the fruit parts.
The concentration of starch in the pod wall was significantly correlated with the respiration rate of the fruit (Fig. 2) . However, the significantly better fit of the nonlinear regression model suggests that starch concentration also remained relatively constant at high respiration rates. Only as respiration fell to low rates did starch concentration in the pod wall decline. The concentration of starch in the seed coat was linearly correlated with the respiration rate of the fruit (Fig. 2) . However, the magnitude of change in starch concentration was small over the range of respiration rates. Starch concentration in the cotyledon was not significantly correlated with the respiration rate of the fruit (Fig.  2) .
The concentrations of free glucose in the pod wall and seed coat were significantly correlated with the respiration rate of the fruit (Fig. 3) was linearly correlated with the respiration rate of the fruit (Fig.  3 ).
Adenylate energy charge was significantly different in the three parts of the soybean fruit (Fig. 4) Total adenylate pool size was significantly different in the three parts of the soybean fruit (Fig. 5) . However, 2AdN in the cotyledons corresponds well with adenylate pool size previously reported for intact soybean seeds (20) . The seed coat had the highest 2:AdN followed by the cotyledon and pod wall. This is the inverse of the order for the ranking of AEC (Fig. 4) . Unlike AEC, 2AdN significantly increased in the seed coat and cotyledon (P < 0.05) with increased respiration rates of the fruit. However, no significant correlation was found between 2;AdN and respiration rate in the pod wall (Fig. 5) . The average apparent mass action ratio calculated for adenylate kinase (r = [ATP] [AMP]/[ADP]2) was 0.53, 0.71, and 0.78 in the pod wall, seed coat, and cotyledon, respectively.
The concentration of sucrose in the cotyledons was correlated with 2AdN of the cotyledons (P < 0.01, r = 0.75). However, no correlation was found for ZAdN and sucrose, starch, or glucose concentrations, or AEC and sucrose, starch, or glucose concentrations in the remainder of the fruit parts.
Starch and sucrose concentrations in the leaf increased with increasing Pn (Table I) . Respiration rate of the soybean fruit also increased with Pn. The greatest change in starch concentration in the leaf occurred between net photosynthetic rates of 58.0 and 117.2 mg C02-h-' plant-'. However, at the corresponding fruit respiration rates (0.88-1.06 mg CO2 h-' I fruir'), pod wall starch concentration remained constant (Fig. 2) . As respiration rates fell below 0.88 mg CO2 h-' -fruir', changes in leaf starch were relatively small, whereas changes in pod wall starch were at their greatest.
DISCUSSION
Adenylate energy charge is widely used as an estimate of the metabolic status of an organism or tissue (18, 21) . However, for AEC to accurately reflect the metabolic status of a tissue, it is necessary that the adenylate pools (ATP, ADP, AMP) are maintained near equilibrium by adenylate kinase (18) . The average apparent mass action ratio calculated for adenylate kinase in the pod wall, seed coat, and cotyledon fell between values reported in the literature (0.5 and 1.2) indicating that adenylate pools are maintained near equilibrium in whole tissue (18) . Hence, AEC was a valid estimate of the metabolic status of the pod wall, seed coat, and cotyledonary tissues.
Adenylate energy charge, however, did not change in the pod wall, seed coat, or cotyledons with changes in respiration rate (Fig. 4) . This suggests that fruit respiration was regulated either by the availability of assimilate to the fruit or carbohydrate concentrations in the fruit. Similar findings were reported for wheat leaves (6) and corn roots (23) .
The relative constancy of sucrose concentration in the fruit parts at high respiration rates (Fig. 1) suggests that the size of the sucrose pool was not important in regulating respiration of the fruit at these high rates. Only when respiration rate of the fruit was low was sucrose concentration in the fruit parts correlated with respiration. Increased respiration rate of the fruits was related to increased P,n and assimilate availability (Table I) . Increased respiration rates, therefore, would seem to depend on increased assimilate moving to the fruit. Since sucrose is the major compound transported in the soybean plant (30) , increased flux of sucrose through the sucrose pools of the fruit, and not pool size, was important in determining respiration rate. Lack of correlation between sucrose concentration and either AEC or 2AdN in the pod wall and seed coat supports this idea. The availability of respiratory substrate has been reported to limit respiration rate in developing pea seeds ( 16) .
Decreased starch concentration in the pod wall at low respiration rates (Fig. 2) suggests that pod starch may serve as a carbohydrate reserve for use in seed growth when supply of carbohydrate from photosynthesis cannot meet demand. When assimilate availability from the leaf canopy was low (reflected by low fruit respiration rates), remobilization of starch in the pod wall occurred to maintain seed growth. The relatively small changes in starch concentration in the seed coat and lack of correlation of cotyledon starch with respiration rate of the soybean fruit (Fig. 2) suggest that they are not of vital importance to seed growth. Lack of correlation between starch concentration in the seed coat and cotyledons with either AEC or 2AdN further supports this idea.
Glucose is a major carbon source for both biosynthetic and energy-producing pathways. Low glucose concentrations in the cotyledons, along with the relatively small changes in pool size, suggest a rapid turnover in the glucose pool of the cotyledons (Fig. 3) . Decreased glucose concentration in the pod wall and seed coat at low respiration rates probably resulted from lower amounts of assimilate moving into the fruit.
Increased ZAdN in the seed coat with increased fruit respiration was due apparently to increased assimilate availability from the leaf canopy. Respiration rate of the fruit was dependent on assimilate transported to the fruit. Furthermore, no correlation was found between the carbohydrate pools in the seed coat and either 2AdN or AEC. The increase in 2:AdN may have been due to the need to move greater amounts of assimilate through the seed coat and into the cotyledons to support higher respiration and seed growth rates.
In the seed coat, assimilate is unloaded from the phloem into the free space where it diffuses away from the vascular bundles prior to uptake by the cotyledons. Two hypotheses for the unloading of sucrose from the phloem have been proposed. The first involves the passive efflux of sucrose from the phloem at the sink (11, 24) . The sieve tube/companion cell/parenchyma cell complex counters leakage of sucrose from the phloem along the transport pathway by continuously reloading sucrose. However, at the sink, reloading of sucrose is inhibited. This allows unloading of sucrose to occur. This hypothesis is consistent with the passive effilux of assimilate from the phloem reported for developmentally immature sinks incapable of reloading sucrose (11) .
The second hypothesis involves the active unloading ofsucrose from the phloem/companion cell complex (28, 29). Membranebound carrier proteins are proposed to be involved in the unloading processes. Sensitivity of sucrose unloading to PCMBS, a nonpermeant chemical modifier, is interpreted as involvement of such proteins as well as essential sulfhydryl groups on the protein (29).
The low AEC values found for the seed coat can be explained by either hypothesis. Active reloading of sucrose -in the sieve tube/companion cell complex of the phloem in the seed coat may be inhibited by low concentrations of ATP. The possible inhibition of ATP-regenerating enzymes would result in the low AEC. Alternatively, the constant influx of sucrose into the seed coat and its subsequent active unloading would constantly drain the ATP pool. This again could result in a low AEC value. Increasing the carbon source has been found to decrease AEC in tumor and liver cells (4) . Low AECs are associated with increased activity of ATP-generating enzymes of glycolysis and the tricarboxylic acid cycle (3, 4) . Low AEC resulting from the constant drain on the ATP pool would be expected to lead to high respiration rates in an attempt to increase ATP concentration. The seed coat, therefore, may contribute significantly to the overall respiration rate of the fruit.
The significant increase in 2AdN with increased respiration rate, along with the large 2AdN found in the seed coat (Fig. 5) , supports the idea ofan active process in the movement ofsucrose through the seed coat. However, our results cannot rule out the possible involvement ofan active component involved in sucrose movement other than unloading. Endothelial cells in the seed coat, for example, have the anatomical characteristics of highly active metabolic cells (27) and may be involved in sucrose transport.
Increased fruit respiration was correlated with increased 2AdN in the cotyledons (Fig. 5) (12) . The correlation of ZAdN in the seed coat and cotyledons with respiration rate (Fig. 5) , and the lack of correlation in the pod wall, suggest that changes in respiration rate were due primarily to changes in seed respiration. Similar findings were reported for pea ( 13) . Hence, measurement of fruit respiration during mid pod-fill may be a useful indicator of changes in seed growth.
Leaf starch was highly sensitive to Pn values which produced moderate or high rates of fruit respiration (Table I ). However, pod starch remained constant at high rates of fruit respiration (Fig. 2) . Since respiration rate of the fruit can be associated with seed growth rate, leaf starch may play a greater role than pod starch in buffering seed growth against changes in carbohydrate availability at high growth rates. This may explain why diurnal variation in the concentration of starch in the pod was not observed by Thorne (25) . Only when Pn was reduced to low values and leaf starch depleted, was pod wall starch remobilized. Hence, pod starch may assist growth of seeds only under extreme conditions.
